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ABSTRACT
The remarkable 1994 discovery of the Sagittarius dwarf galaxy (Sgr) revealed that, together
with the Magellanic Clouds, there are at least three major dwarf galaxies, each with a total
mass of order 1010−1011 M, falling onto the Galaxy in the present epoch. Beyond a Galactic
radius of 300 kpc, dwarfs tend to retain their gas. At roughly 50 kpc, the Magellanic Clouds
have experienced substantial gas stripping as evidenced by the Magellanic Stream which ex-
tends from them. Since Sgr experienced star formation long after it fell into the Galaxy, it
is interesting to explore just how and when this dwarf lost its gas. To date, there has been
no definitive detection of an associated gas component. We revisit recent simulations of the
stellar and dark matter components of Sgr but, for the first time, include gas that is initially
bound to the infalling galaxy. We find that the gas stripping was 30 - 50% complete at its first
disc crossing ∼ 2.7 Gyr ago, then entirely stripped at its last disc crossing ∼ 1 Gyr ago. Our
timeline is consistent with the last substantial burst of star formation in Sgr which occurred
about the time of the last disc crossing. We discuss the consequences of gas stripping and
conclude that the vast majority of the stripped gas was fully settled onto the Galaxy by ∼ 300
Myr ago. It is highly unlikely that any of the high- or intermediate-velocity clouds have a
direct association with the Sgr dwarf.
Key words: Galaxy: general, galaxies: interaction, galaxies: individual: Sagittarius dwarf
galaxy, methods: numerical
1 INTRODUCTION
The Sagittarius dwarf galaxy (Sgr; Ibata et al. 1994) is devoid
of neutral atomic gas (H i) down to the detection limit (Koribalski
et al. 1994; Burton & Lockman 1999), as are generally other satel-
lite systems of the Galaxy (and Andromeda; Grcevich & Putman
2009; Spekkens et al. 2014). Two notable exceptions are the Magel-
lanic Clouds (MCs): the Large Magellanic Cloud (LMC), and the
Small Magellanic Cloud (SMC; q.v. McConnachie 2012). New
mass determinations now render the precursors of Sgr (Mucciarelli
et al. 2017; Gibbons et al. 2017) comparable to the LMC (Jethwa
et al. 2016), with combined dark-matter (DM) and baryonic masses
of up to ∼ 1011 M. Why have the Magellanic Clouds retained
much of their gas while Sgr has apparently lost it all?
A key difference between Sgr and the LMC is their orbital his-
tory. The LMC is likely on its first approach to the Galaxy (Shuter
1992; Byrd et al. 1994; Besla et al. 2007), currently at an estimated
distance from the Galactic centre of d ≈ 50 kpc (Pietrzyn´ski et al.
2013). Models of the evolution of Sgr from infall to its present loc-
ation at d ≈ 16−20 kpc (or D ≈ 25−29 kpc from the Sun; q.v. Kun-
der & Chaboyer 2009) agree that Sgr has undergone already several
? tepper@physics.usyd.edu.au
pericentric passages (e.g. Fellhauer et al. 2006; Law & Majewski
2010; Niederste-Ostholt et al. 2012).1 The LMC began to experi-
ence significant tidal gas stripping assisted by ram pressure due to
the tenuous corona of the Galaxy ( nh ∼ 10−4 cm−3 at r ≈ 50 kpc;
e.g. Tepper-García et al. 2015) only recently (∼ 1.5 Gyr; Guglielmo
et al. 2014), as attested by the prominent Magellanic Stream that
extends from the MCs over nearly 200◦ across the sky (Mathewson
et al. 1974; Nidever et al. 2010). In contrast, most dynamical mod-
els place the Sgr precursor on an orbit around the Galaxy for no less
than ∼ 3 Gyr (e.g. Gómez et al. 2015; Dierickx & Loeb 2017b),
and indicate that it has likely collided with the (outer) Galactic disc
at least once in the past (Purcell et al. 2011). As a result of the
prolonged interaction with the Galaxy, the Sgr precursor has exper-
ienced significant tidal disruption, leaving behind a dense, prolate
core and multiple extended stellar streams along its orbit out to
∼ 100 kpc (Belokurov et al. 2014).
In spite of its observed lack of gas today, Sgr must have had
a significant gas reservoir prior to falling onto the Galaxy and
1 For a brief overview of the extensive literature prior to 2010 see Myers
et al. (2010). For a recent review on Sgr, including numerical models, see
Law & Majewski (2016).
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along much of its orbit within the Galactic virial radius. The age-
metallicity trends associated with the stellar populations reveal that
Sgr experienced multiple episodes of star formation, with a signi-
ficant drop in its efficiency already ∼ 2 Gyr ago (Mucciarelli et al.
2017), terminating altogether about 1 Gyr ago (Siegel et al. 2007).
These studies conclude that an event of considerable gas loss within
that epoch is required in order to explain the observed chemical
pattern of the stellar population in the nucleus of Sgr. Any realistic
gas-dynamical model of Sgr therefore needs to explain both its tidal
disruption and its gas loss within the timeframe bracketed by this
event and its infall onto the Galaxy.
The aim of this paper is to introduce – for the first time in
the literature – a model for the infall of Sgr where gas, in addi-
tion to stars and dark matter, is considered. In essence, we show
that it is possible to account for the present-day stellar kinematic
properties of Sgr and its debris, as well as its observed lack of gas,
starting from a DM dominated, gas-bearing precursor with a spher-
oidal stellar component that experiences a long-term interaction the
Galaxy. Our main working hypothesis –supported by the observa-
tional constraints discussed above – is that Sgr did not exhaust its
initial gas content entirely as a result of its star forming events, but
rather retained some up until perhaps only recently, part of which
may have allowed the formation of its youngest generation of metal
rich stars (see e.g. Nichols et al. 2015). Thus, we assume that stel-
lar feedback within the dwarf does not play an important role in the
dynamic evolution of its gas. We assume further that Sgr’s stellar
component was in place before infalling onto the Galaxy. In other
words, we ignore for now the process of star formation and its as-
sociated feedback. In consequence, we do not attempt to reproduce
the star formation history and, for that matter, the details of the
stellar population (age, metallicity, spatial distribution) of Sgr. Our
focus is rather on the fate of the gas initially bound to the dwarf. We
argue that the key process behind the total gas removal is the inter-
action with the Galactic gas disc. We explore whether any of this
gas has a direct association to the H i high- or intermediate velocity
clouds (HVCs, IVCs; Wakker & van Woerden 1991) around the
Galaxy, as has been claimed before (Bland-Hawthorn et al. 1998;
Putman et al. 2004).
Where applicable, we assume a flat, dark-energy- and matter
(baryonic and cold dark-matter; CDM) dominated Universe, with
a cosmology defined by the simplified set of parameter values h =
0.7, Ωm = 0.3, and ΩΛ = 0.7.
2 A MINIMAL MODEL FOR THE INFALL OF SGR
We simulate the infall of the Sgr precursor onto the Galaxy along
a prescribed orbit taken from previous work (Dierickx & Loeb
2017a, see below). In doing so, we ignore the presence of other
nearby systems, in particular, we neglect the perturbation induced
by the LMC on the Galaxy–Sgr interaction which may affect the
distribution of tidal debris (Gómez et al. 2015). This is of no con-
cern for now as we do not attempt to model the precise location of
the Sgr core and its streams. Most importantly, we do not expect
this simplification to affect in any significant way the evolution of
the gas initially bound to the dwarf, which is the main focus of this
study.
Our simulation framework is similar to the one adopted in
our previous work on the Smith Cloud (Tepper-García & Bland-
Hawthorn 2018). Therefore, in what follows we shall omit some
details and refer the reader to the latter reference when necessary.
Our Galaxy model consists of ‘live’, collisionless components
Table 1. Relevant model parameters (initial values). Column headers are as
follows: Mt := total mass (109 M); rs := scalelength (kpc); rtr := truncation
radius (kpc); Np := particle number (105); Z := gas metallicity (Z).
Profile Mt rs rtr Np Z
Galaxy
DM halo a H 103 38.4 250 5 –
Disc b MN 46 5.0 d 20 4.6 –
Bulge H 9 0.7 4 5 –
Corona H 18 38.1 250 50 0.3
Gas disc Exp c 14 7.0 e 60 100 0.3
Sgr precursor
DM subhalo f H 10 1.9 25 1 –
Bulge H 0.4 0.85 2.5 1 –
Gas halo H 0.6 1.7 5 1 0.2
Notes. H := Hernquist (1990) profile; MN := Miyamoto & Nagai (1975)
profile; Exp := Radial exponential profile
a Mass enclosed within rtr is 9.7 × 1011 M.
b The stellar metallicity is ignored as it is of no relevance for our study.
c In vertical hydrostatic equilibrium initially at T = 104 K
d Scaleheight set to 0.5 kpc.
e Scaleheight set by vertical hydrostatic equilibrium (‘flaring’ disc).
f Mass enclosed within rtr is ∼ 7 × 109 M.
(a DM host halo, a stellar disc, and a stellar bulge), and gaseous
components (a slowly spinning corona with a peak velocity ∼ 70
km s−1 at R ≈ 30 kpc, and a centrifugally supported, vertically
stratified gas disc) with properties broadly consistent with obser-
vational constraints (see Tepper-García & Bland-Hawthorn 2018).
Given its success in reproducing the phase-space properties of the
Sgr tidal tails, we adopt the properties of the Galactic collisionless
components from Dierickx & Loeb (2017a, their Table 1), with one
difference: We adopt a lighter stellar disc with a Miyamoto & Na-
gai (1975) profile (rather than exponential); the mass difference is
put into a gas disc. As we show later, the presence of a gas disc
in the Galaxy is essential. The parameter values characterising the
corona and the gas disc are taken from our previous work, with
some minor differences (cf. Table 1 and Tepper-García & Bland-
Hawthorn 2018, their Sec. 2).
Like the Galaxy model, the Sgr precursor consists of live col-
lisionless components and a gaseous component (also summarised
in Table 1). The collisionless components (DM subhalo and stellar
bulge) are set according to the precursor model of Dierickx & Loeb
(2017a). The necessity for a DM halo around the baryonic compon-
ent of the precursor was recognised early on (Ibata & Lewis 1998).
The DM subhalo is modelled as a (cored) Hernquist (1990) sphere
with a virial mass of 1010 M, at the lower end of the plausible
range of precursor masses (e.g. Niederste-Ostholt et al. 2010), and
its extension is limited to a spherical radius of 25 kpc, roughly cor-
responding to the tidal radius of a ∼ 1010 M object at d = 125 kpc
– the initial distance of the precursor; see below – from the centre
of a ∼ 1012 M host. The stellar bulge initially follows a Hernquist
(1990) profile as well,2 with a total stellar mass of ∼ 4×108 M and
a scale radius of 0.85 kpc. The initial maximum velocity dispersion
of the bulge is σb ∼ 25 km s−1, slightly higher than observed (Ło-
2 The choice of profile matters, as dwarf systems may be more or less prone
to stripping depending on whether initial profile is cored or cuspy (Peñarru-
bia et al. 2008).
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kas et al. 2010) in order to account for its evolution (i.e. decrease;
Peñarrubia et al. 2008).
In our model, the Sgr precursor includes an extended, initially
spherical, gas halo embedded within the DM subhalo, in thermo-
static equilibrium with the precursor’s total gravitational potential,
with temperatures in the range ∼ 104 − 105 K. The temperatures
at the high-end make up to some extent for the absence of stellar
feedback – in particular heating – in our model (see below). We set
the ratio of total baryonic mass (stellar bulge and gas halo) to DM
mass to 1:10, with a mass ratio of gas-to-stars of 3:2. Our adopted
baryons-to-DM mass ratio is well below the cosmic baryon fraction
fb ≈ 0.16 (Planck Collaboration 2014), but is adequate for systems
with a dynamical mass ∼ 1010 M (McGaugh et al. 2010). Even if
the Sgr precursor initially had a baryon fraction close to the cosmic
value, it is very likely that some of its gas (or even stars) would
have gotten stripped prior to being accreted by the Galaxy (i.e. due
to ‘group preprocessing’; Wetzel et al. 2015). Our choice of gas-
to-star mass ratio is based on the results of simulations of dwarf
galaxies in isolation which suggest that DM haloes with masses
∼ 1010 M contain half of its baryons in the form of gas at z = 0
(González-Samaniego et al. 2014). A gas-to-stars mass ratio of or-
der unity is also consistent with the distribution of baryons among
stars and (neutral) gas in low-mass galaxies (M? . 4 × 108 M;
Bradford et al. 2015), in particular of dwarf irregulars in the Local
Group (McConnachie 2012). We choose to adopt a slightly higher
gas fraction, corresponding to an initial total gas mass of ∼ 6 × 108
M, thus favouring the presence of gas within the Sgr precursor.
In order to assess the dependence of our result to the choice
of total baryon fraction, we consider an extreme case: a gas-rich
precursor with a total (gas and stars) baryon to DM mass fraction
equal to fb, with a gas-to-star mass ratio of 5:3. In this case the DM
subhalo and stellar bulge are marginally more massive (σb ∼ 30
km s−1), and both the bulge and the gas halo slightly more extended.
In what follows, for ease of discussion we shall refer to the latter as
the ‘gas-rich’ model, and to the former as the ‘reference’ model.
Note that we do not include a stellar disc in the dwarf as Di-
erickx & Loeb (2017a) do, and instead put the corresponding mass
into a gas halo, as explained above. Our ignoring the presence of a
stellar (or gas) disc in the Sgr precursor follows from the absence
of residual rotation in the Sgr core (Peñarrubia et al. 2011) which
would be observable if the Sgr precursor had been a disc galaxy
(Peñarrubia et al. 2010, but see Łokas et al. 2010). Gas-bearing,
even gas-rich dwarf galaxies with no (substantial) disc component
are not rare (Blitz & Robishaw 2000). Others with clear rotation
signatures have a circular velocity comparable to their internal ve-
locity dispersion (e.g. Leo P; Bernstein-Cooper et al. 2014), thus
making the disc component kinematically less relevant.
The initial conditions of the Galaxy and the Sgr precursor
(i.e. particle positions, velocities, and additionally internal energies
for the gas components) are constructed following the approach
developed by Springel et al. (2005) as implemented in the dice
code (Perret et al. 2014).3 This approach relies on the local Max-
wellian approximation (Hernquist 1993) to calculate particle ve-
locities, which may not be fully adequate to model N-body sys-
tems in strict dynamic equilibrium, in particular dwarf systems
(Kazantzidis et al. 2004). This is, however, of no concern in our
case since: i) we are not interested in the onset of instabilities; and
ii) the infall distance of the Sgr precursor is large enough that the
3 See footnote 6.
dwarf evolves into a self-consistent configuration before tidal ef-
fects become important.4
Following Dierickx & Loeb (2017a), the barycentre of the Sgr
precursor is placed at ~r0 = (125, 0, 0) kpc (with respect to the
initial geometric centre of the Galaxy), and given an initial velo-
city5 ~v0 ≈ (−10, 0, 70) km s−1. We note that the initial angular
momentum defined by our adopted orbit (and our adopted Galaxy
virial mass) for an infall scenario from z ≈ 0.35 (see Sec. 3.1) is
essentially identical to the initial angular momentum required for a
more massive Sgr precursor (e.g. 6×1010 M; Gibbons et al. 2017)
to approximately match the present-day Sgr phase-space coordin-
ates (Dierickx & Loeb 2017b). Also, our chosen orbital parameter
values are consistent with Sgr’s orbit-mass degeneracy (Jiang &
Binney 2000).
It is important to note that Dierickx & Loeb (2017a) neglect
the effect of gas drag (Benjamin & Danly 1997, see also Nich-
ols et al. 2015) when calculating the orbital initial conditions for
the Sgr precursor by integrating its equation of motion within
the Galactic potential backwards from its observed location at the
present epoch. Therefore, we should expect some differences in the
orbital evolution between their model and ours.
We calculate the time evolution of the composite system rep-
resenting the Galaxy and the Sgr precursor with their collisionless
and gaseous components by solving the Vlasov-Poisson and Euler
equations with the adaptive mesh refinement, N-body, gravito-
hydrodynamics code ramses (version 3.0 of the code last described
by Teyssier 2002).6 All gaseous components are assumed to con-
sists of a monoatomic, ideal gas, with an hydrogen fraction (by
mass) Xh = 0.76. And the contribution of all components to the
overall gravitational field is taken into account at all times.
We ignore in our simulation star formation and feedback of
any kind. The only microphysical process we consider is radiat-
ive cooling by hydrogen, helium, and heavy elements (cf. Tepper-
García & Bland-Hawthorn 2018, their Sec. 4.2). The relevant para-
meters in this respect are the gas metallicity and Xh. The Sgr halo
gas metallicity is initially set to Z = 0.2 Z, corresponding to low-
est metallicity of stars of age ∼ 4 Gyr (Majewski et al. 2003), the
approximate infall epoch of Sgr in our model (see Sec. 3.1). For
reference, estimates of the metallicity of its youngest (. 1 Gyr)
stellar population range from ∼ 0.4 Z to ∼ 4 Z (Majewski et al.
2003; Siegel et al. 2007). Because we are ignoring the formation
of stars and their metal yields, the halo gas metallicity may only
change (increase) due to the interaction with the Galactic corona or
the Galactic gas disc, which are both initially set at 0.3 Z (Miller
& Bregman 2015; Hou et al. 2000). Such a relatively low value
is chosen to avoid excessive cooling at the Galactic disc-halo in-
terface, thus compensating for the absence of heating via stellar
feedback in our models.
It is worth noting that a higher initial gas metallicity within
the dwarf would promote gas cooling, which could potentially re-
duce gas stripping by forcing gas deeper into the dwarf’s potential
well (e.g. Mayer et al. 2006, but see Tonnesen & Bryan 2009 for
the case of more massive galaxies). This effect may be further sup-
pressed by our neglecting the chemical enrichment of the gas. On
4 We refer the reader to Tepper-García & Bland-Hawthorn (2018) for more
details on the setup of the initial conditions.
5 More specifically, the velocity vector has a magnitude v0 = 72.6 km s−1,
and is directed along the xz-plane at an angle θ = 80.8◦ with respect to the
negative x-axis. See Sec. 3 for a definition of our adopted coordinate frame.
6 Our setup files are freely available upon request to the corresponding
author (TTG).
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the other hand, we are also ignoring stellar energy injection into
the gas within the dwarf in the form of kinetic energy and ionising
radiation, which would unavoidably heat the gas within the dwarf.
This is compensated to some extent by the initial temperature of
the gas halo within the dwarf (∼ 104 − 105 K) as mentioned above.
Internal heating is believed to assist gas stripping via ram pressure
off low-mass (. 109 M) galaxies (e.g. Nichols & Bland-Hawthorn
2011). But simulations that self-consistently take into account the
effect of radiative gas cooling, star formation, stellar feedback, gas
enrichment and even ultraviolet radiation heating indicate that ram
pressure stripping is unlikely to be relevant in galaxies with total
masses & 5 × 109 M (e.g. Sawala et al. 2012), as is the Sgr pre-
cursor in our model. Thus we argue that a (relatively low) initial
gas metallicity of the dwarf’s halo on the one hand, and the ab-
sence of stellar feedback in the form of metal yields and energy on
the other, pose reasonable assumptions to model the stripping of
the gas associated to Sgr.
A final important parameter of our simulation is the limiting
spatial resolution. As we are being guided by the N-body models
by Dierickx & Loeb (2017a), and results from N-body experiments,
in particular the disruption of haloes, are generally resolution-
dependent (e.g. van den Bosch & Ogiya 2018), we need to choose
our limiting spatial and mass resolution accordingly. In their mod-
els, Dierickx & Loeb (2017a) adopt particle masses of 4 × 104 M
and 106 M, and minimum softening length of roughly 40 and 215
pc, for the stellar and DM components, respectively. We set the DM
and stellar particle masses to ∼ 1.4×104 M and ∼ 3.6×103 M, re-
spectively, and adopt a nominal limiting spatial resolution of about
250 pc for these components, and 60 pc for the gas components. In
AMR simulations, the effective mass resolution is dictated by the
adopted refinement strategy, for collisionless components usually
defined in terms of the number of particles within a cell: in our ex-
periment, if this number exceeds 40, the cell is refined. Thus, we
have an effective mass resolution of order 105 −106 M for the col-
lisionless components. The maximum gas mass per resolution ele-
ment is on the order of 106 M. Both our limiting spatial and mass
resolution are therefore consistent with Dierickx & Loeb (2017a).
We shall refer to these as our ‘standard’ resolution settings.
We assess the effect of our choice of limiting spatial resolution
by running our reference model at higher resolution, corresponding
to a minimum linear cell size of roughly 60 pc and 15 pc for the col-
lisionless and gas components, respectively, with effective particle
and gas masses both on the order of 105 M.
3 RESULTS
Whenever possible, we compare our model results to the corres-
ponding data. In order to map the simulation results to observed
space, we adopt a right-handed, Cartesian coordinate frame with
the origin at the initial geometric centre of the Galaxy, with its pos-
itive x-axis pointing towards the infall point of the Sgr precursor
(~r0; see Sec. 2), and its positive z-axis pointing towards the North
Galactic Pole. In this frame, the Sun’s position is identified at any
time7 by the vector ~rsun = (−8.3, 0, 0.025) kpc (Bland-Hawthorn &
Gerhard 2016). Note that we do not adopt the optimal orientation of
the Galactic disc with respect to ~r0 determined by Dierickx & Loeb
(2017a), which roughly corresponds to a rotation of 180 degrees
7 This is equivalent to assuming that the Sun is fixed in space, rather than
rotating around the Galaxy and oscillating across the Galactic plane.
around the z-axis, and a small tilt of the Galactic plane. We adopt a
solar motion relative to the Local Standard of Rest (LSR) given by
(U, V, W) ≈ (−11.1, 12.2, 7.3) km s−1 (Schönrich et al. 2010), and
the rotation velocity of the Galaxy at the Sun’s location is taken to
be 220 km s−1 (Bovy et al. 2012). It is important to mention that our
adopted structural and kinematic parameter values may in general
differ slightly from those adopted by observational studies we use
to compare the outcome of our experiments. A reasonable amount
of disagreement between the model and data is thus expected from
the onset.
3.1 DM core, stellar remnant, and tidal debris
We follow the infall of the Sgr precursor until the Galactocentric
distance and velocity of its core roughly match their corresponding
observed values, with its location along its orbit currently just past
pericentre (Ibata et al. 1997). The position and velocity of the DM
core and of the stellar remnant in our model are taken to be those of
the densest Sgr (DM / stellar) element at any time. This approach
breaks down when tidal disruption becomes important and com-
pression of the tidal streams along their orbit takes place, which
in our model takes place at t & 5 Gyr since infall (not shown).8
The kinematics of the DM core and stellar remnant in our model
are shown in the left panel of Fig. 1. Apart from some slight differ-
ences in the resulting orbits and thus the inferred infall epoch, the
results discussed here are comparable in the case of our reference
run at the standard and high resolution, and between these and the
gas-rich precursor. We will therefore limit our presentation to the
results of the reference model at our standard resolution.9
The Galactocentric distance of Sgr’s bound core has been es-
timated thus far to lie in the range ∼ 16 − 20 kpc (see Sec. 1).
We adopt as reference the most common value of d ≈ 17 kpc. In
our model, Sgr reaches this distance at around t ≈ 3.6 Gyr ≡ τ0
since infall, moving at a total space velocity (with respect to the
Galactic Standard of Rest or GSR) of v ≈ 370 km s−1. For refer-
ence, Dierickx & Loeb (2017a) estimate the observed total space
velocity magnitude at v = 333 ± 30 km s−1. Thus, our model im-
plies that Sgr entered the virial radius of the Galaxy at z ≈ 0.35.
Such a delayed infall is perfectly consistent with constraints on the
timescales of stripping based on the trends of abundance ratios with
metallicity observed in Sgr’s nucleus (Mucciarelli et al. 2017) and
its star formation history (SFH; de Boer et al. 2015), and is broadly
consistent with the accretion history of subhaloes onto the Galaxy
host halo (Wetzel et al. 2015).
As anticipated above, despite the similarities in the physical
and numerical properties of the Galaxy model as well as of Sgr’s
precursor and its orbital initial conditions between Dierickx & Loeb
(2017a)’s model and ours, the orbital history of the dwarf is rather
different between these models. Indeed, in ours the best match
to the observed distance and velocity of Sgr is found after only
three (rather than five) pericentric passages. In other words, our
gas-dynamical model shows a faster orbital decay compared to a
pure N-body model. Apparently, as Sgr moves through a gaseous
8 We denote simulation time with a lower case t, and lookback time with
a Greek letter τ; the epoch of the infall event is identified by τ0, and thus
τ = τ0 − t.
9 Animations of the evolution of Sgr and additional material can
be found at http://www.physics.usyd.edu.au/~tepper/proj_sgr_
paper.html.
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Figure 1. Left: Kinematics of the model Sgr core from infall to the present epoch. Dots (plus signs) correspond to the DM (stellar) component. The top
(bottom) sub-panel displays the Galactocentric distance (Galactocentric speed) along its orbit. The horizontal dashed line and hatched area corresponds to the
range of distance determinations (top) and mean total speed (bottom) of the Sgr core and its corresponding uncertainty, as compiled by Kunder & Chaboyer
(2009) and estimated by Dierickx & Loeb (2017a), respectively. The effect of dynamical friction in reducing the apo- and pericentric distances is apparent.
Centre / Right: Present-day configuration (i.e. at a lookback time of τ = 0 Gyr, or t ≈ 3.64 Gyr since infall) of the distribution of DM (centre) and stars (right)
of the Sgr model projected along a vector perpendicular to the orbital plane of Sgr, coincident with an edge-on view of the Galactic disc (not shown). The
cross flags the position of the Galactic Centre. The dot-dashed curve indicates to the precursor’s orbit, from infall to its current location. Clearly, the DM and
stellar cores track each other well, both spatially and kinematically.
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Figure 2. Present-day distribution of the stellar component (streams and core) of the Sgr model (grey dots), and data (black asterisks) corresponding to the
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from Majewski et al. (2004);11 Sgr core coordinates from Majewski et al. (2003); line of sight velocity of the core in the GSR calculated from the heliocentric
radial velocity measured by Bellazzini et al. (2008); core’s heliocentric distance from Kunder & Chaboyer (2009).
medium – and as long as the dwarf holds onto its gas –, its or-
bit is affected by hydrodynamical drag,12 in addition to dynamical
friction. The braking effect of gas is present everywhere along the
dwarf’s orbit through the Galactic corona and the Galactic disc. In
either case, its influence on the dwarf’s dynamics is important. The
coronal is rather diffuse much along Sgr’s orbit, but its interaction
with the dwarf is long and persistent. The interaction of Sgr with
the gas disc is rather short, but strong nevertheless, because of the
significantly higher density of the disc compared to the corona. The
interaction with the disc is in fact so strong that, in addition to af-
fecting Sgr’s orbit, it is responsible for most of the gas stripping
experienced by the dwarf along its orbit within the virial radius of
the Galaxy (see Sec. 3.2.1).
12 Gas drag scales with the background density ρ, the dwarf’s speed v, its
bound gas mass m and cross section A as ∼ A ρ v2/m (Benjamin & Danly
1997).
The central and right panels Fig. 1 show the present-day con-
figuration of the DM component (centre) and stellar streams (right)
of the model Sgr in physical space on an edge-on view of the
system. For reference, the orbit of the precursor from infall to its
present position is included as a dashed curve. In this projection,
the Sgr precursor has fallen in from the right, and the (DM / stellar)
core is instantly moving towards the top-right. Note that the stel-
lar and DM components track each other well, both spatially and
kinematically. The tidal debris remain on the orbital plane, but not
necessarily along the orbit, as their Galactocentric distance varies
with time (see also Fig. 2, left and right panels). Because Sgr has
not had but a few pericentric passages, the tidal disruption is not
as dramatic and the tidal streams are not as developed as in previ-
ous models (e.g. Gibbons et al. 2014). This could also be in part
consequence of the lack of a disc in the precursor, or the choice of
profile for the stellar bulge.
Fig. 2 compares the distribution in observed space of the stel-
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Figure 3. Present-day projected stellar density of the model Sgr remnant.
lar component (streams and core) of the Sgr model to the data.
Majewski et al. (2003) estimate the centre of the Sgr remnant at
(α, δ) ≈ (284, −30.5) deg. In our model, the Sgr core is found at
(α, δ) ≈ (285, −36.6) deg. The radial (heliocentric) velocity of the
Sgr core is vr ≈ 140 km s−1 (Bellazzini et al. 2008). Using the
equatorial coordinates for the Sgr core, the radial velocity trans-
lates into a line of sight velocity in the GSR of vlos ≈ 170 km s−1,
consistent with Ibata et al. (1997). In our model, we find vr ≈ 187
km s−1and vlos ≈ 196 km s−1. It is worth noting that some degree of
mismatch between our model and the data in terms of the position
(declination) or the GSR velocity of the tidal debris at α ≈ 150−250
deg is a common feature of other models (e.g. Purcell et al. 2011),
even in those that contemplate a discy Sgr progenitor (e.g. Łokas
et al. 2010); that consider the inclination of the orbit with respect
to a perfect polar orbit (Dierickx & Loeb 2017a); or that take the
perturbing effect of the LMC to the overall gravitational potential
of the system into account (Gómez et al. 2015).
The inset in the central panel of Fig. 2 shows the proper mo-
tion components of the model Sgr core on the plane of the sky.
We find (µα cos δ, µδ) = (−2.90, −0.85) mas yr−1. For comparison,
Dierickx & Loeb (2017a) obtain13 (µα cos δ, µδ) = (−1.72, −0.90)
mas yr−1. As noted by Massari et al. (2013), different measure-
ments of Sgr’s proper motion may not be directly comparable to
one another, as the may not correspond to the same region of the
stellar remnant (in addition to different studies generally adopting
different structural and kinematic parameters values, as mentioned
above). Since it would be difficult to match the model Sgr core with
the region used in any of these measurements, here we present the
measurements as given in their respective reference, together with
the result from our model, to show that the scatter in the measured
values is comparable to the difference between them and our model
result.
The model Sgr stellar remnant at the present epoch is dis-
played in Fig. 3. Adopting a King (1962) profile, Majewski et al.
(2003) measured the extension of the Sgr core to be ∼ 30 degrees
(or roughly 14 kpc at D = 25 kpc), and its ellipticity, e = 0.65.
Assuming a prolate body shape, these measurements imply an axes
ratio of roughly 3:1:1, consistent with Ibata et al. (1997). Hence,
the core width can be estimated at ∼ 5 kpc. In our model, the core
12 As provided in http://faculty.virginia.edu/srm4n/Sgr/.
13 Values extracted from their Figure 7, and assuming δ = −30.5 deg.
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Figure 4. Evolution of the mass of gas associated to Sgr with lookback
time. Plus signs (+) indicate the mass in gas bound to Sgr within a radius of
5 kpc around its stellar core, relative to its initial value (Mgas(τ0) ∼ 6 × 108
M); crosses (×) indicate the results of the higher resolution run. The result
for a gas-rich precursor (Mgas(τ0) ∼ 9 × 108 M) at our standard resolu-
tion are indicated by the open squares. The shaded area indicates roughly
the extension of the most recent star formation episode in Sgr suggested by
the age range of its youngest stellar population. The dashed horizontal line
indicates half the fraction of the initial gas mass. The systematic, stepwise
decrements in gas are in line with Sgr’s disc transits (which follow its peri-
centric passages, approximately flagged by the vertical arrows in the case
of the standard model, for illustration; cf. left panel of Fig. 1).
has approximately the appropriate dimensions, and is comparable
to other model results (cf. Łokas et al. 2010). Thus, and contrary
to the conjecture by these authors, the observed elongated shape
of Sgr’s stellar remnant can in fact be recovered from an initially
spherical, disc-less precursor. The same behaviour is seen in the
disc-crossing halo of Nichols et al. (2014).
3.2 The Sagittarius gas stream
As Sgr spirals down the potential well of the Galaxy, the inter-
action with the Galactic corona removes the gas within Sgr that
is less bound. Because the corona is predominantly diffuse along
Sgr’s orbit (. 10−4 cm−3) and most of the gas is held within the
dwarf’s deep potential well, the fraction of gas that is removed is
low. Substantial gas stripping occurs in fact only during disc trans-
its – which roughly coincide with its pericentric passages –, where
the gas within Sgr is subject to strong shocks as it collides with the
denser Galactic gas disc (the ‘kinetic argument’; Bland-Hawthorn
2009).
3.2.1 Gas stripping
In order to quantify the fate of all the gas associate to Sgr, we con-
sider separately, at any given time: i) the gas bound to its stellar
core; and ii) all gas, either bound or stripped, initially associated
to its precursor, that is ‘detectable’. The mass in gas bound to Sgr
is quantified by calculating at any given time the amount of gas
within 5 kpc around its stellar core. The detectability of gas that
has been stripped is estimated as follows. We attach a passive scalar
(tracer) to the gas initially bound to the infalling galaxy, i.e. to its
gas halo, with an initial large (albeit arbitrary) value of 10. The
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Galactic gas disc and the Galactic corona have been initially as-
signed a tracer value of 0. As a result of the interaction with the
corona and the gas disc, and the consequent gas mixing (Tepper-
García & Bland-Hawthorn 2018), the value of the gas tracer at-
tached to Sgr’s gas will generally decrease. At any given time, we
consider any stripped gas initially associated to Sgr to be detect-
able if its tracer value is larger than a (arbitrary) threshold of 2. It
should be mentioned that our results are qualitatively insensitive to
the exact adopted tracer value. A higher (lower) threshold simply
translates into a slightly lower (higher) fraction of detectable gas.
Thus, our choice of threshold value does not affect our analysis, but
merely improves the clarity of the graphical representation of our
results.
Fig. 4 shows the evolution of the gas bound to Sgr, relative
to its initial total gas mass: Plus signs (+) correspond to our ref-
erence model at the standard resolution with an initial gas mass
Mgas(τ0) ∼ 6 × 108 M; crosses (×) indicate the corresponding res-
ult for the reference model at higher resolution. The results for a
gas-rich precursor (Mgas(τ0) ∼ 9 × 108 M) at the standard resolu-
tion are indicated by open squares. In either case, the mass of gas
bound to Sgr decreases substantially after each disc transit, which
follow its pericentric passages (approximately flagged by the ver-
tical arrows), but it remains practically unchanged in between. This
clearly demonstrates the importance of the interaction of Sgr with
the Galactic gas disc in removing gas from the dwarf. It also shows,
as we found before (Tepper-García & Bland-Hawthorn 2018), that
a subhalo transiting the Galactic gas disc does not accrete any signi-
ficant amount of gas. This is consistent with the conclusion reached
by Siegel et al. (2007) that the observed age-metallicity relation of
Sgr can be explained assuming a closed-box model for the dwarf.
In the standard resolution case, Sgr virtually loses all of its gas
after its second disc transit. The higher resolution run shows, how-
ever, that gas loss is in fact highly overestimated at our standard
resolution. Indeed, in this case, about 10 percent of the original
gas mass remains within the core up to the present-day, incon-
sistent with observations. The gas content of an initially gas-rich
precursor experiences a similar evolution. The gas-rich precursor
completely loses its gas after its third disc transit (as does the ref-
erence model at higher resolution), which explains the sudden drop
in either case at τ < 0 Gyr. In general, gas stripping is more dra-
matic after the second (and eventually the third) transit because the
average gas density within the precursor is progressively lower as
a result of previous episodes of significant mass stripping, while
the gas column density of the Galactic disc at each crossing point –
progressively closer to the GC – is higher as a result of its radially
exponential surface density profile.
Based on the previous results, it is reasonable to assume that
running either of our models at an even higher resolution would
increase the fraction of gas retained within Sgr. This implies that
if our model is to agree with the observed lack of gas in Sgr at
the present epoch, then its gas mass fraction at infall cannot have
been higher than what we have assumed here.14 Thus our reference
model sets an upper bound on the gas within Sgr at any time after
infall – if run at an arbitrarily high resolution. In the limit of low
resolution, our model puts a stringent upper limit on the fraction of
gas stripped away from Sgr. In other words, our reference model at
our standard resolution overestimates the presence of gas beyond
Sgr’s core, and is thus adequate to estimate the maximum possible
14 This argument relies on the inefficiency of stellar feedback – as we as-
sume here – to assist gas removal from the dwarf (see Sec. 2).
mass in Sgr’s gas streams, everywhere around the Galaxy and at
any epoch.
Taken at face value, our models indicate that within the last
∼ 1 Gyr of evolution, Sgr retained between 0.1 and 10 percent of
its initial gas mass, which presumably allowed for a last burst of
stars to be formed. Conversely, this implies that at least 90 per cent
of the initial gas mass within the precursor was stripped from Sgr
over a timeline from infall to the present epoch.
3.2.2 Accretion onto the Galaxy
But what about the fate of stripped gas? Has it been accreted by
the Galaxy? Is there some left in the form of HVCs or IVCs? If
so, are the clouds spread throughout the halo? In order to answer
these questions we now turn our attention to the distribution of gas
associated to Sgr in relation to its stellar debris. As argued above,
the reference model at standard resolution favours the stripping of
gas away from Sgr. Therefore, in what follows, we will focus on
the discussion of the results of this model only.
The instantaneous configuration of the composite system just
before and after each of the first disc transits is shown in Fig. 5.
The last row shows its present-day state. These particular epochs
are chosen based on our previous discussion on the importance of
disc transits on the overall evolution of Sgr’s gas content. The left
(central) panels in the figure show the stellar (gas) distribution on
an edge-on view projection of the Galaxy. The Galactic gas disc
at total gas column densities in the range 1021 − 1022 cm−2 can be
seen as a thick horizontal slab. To allow for a direct comparison
to observations, we display the distribution of stars (grey dots) and
gas (dark-grey dots) in an all-sky Hammer-Aitoff projection (Aitoff
1889; Hammer 1892) in equatorial (i.e. in the International Celes-
tial Reference System or ICRS) coordinates in the right panels. For
reference, we include there the locus corresponding to the Galactic
plane (thick solid curve), the instantaneous position of Sgr’s stel-
lar core (black filled circle), and its full orbit (dashed curve). The
total mass in the gas stream15 relative to the total initial gas mass
of Sgr is indicated in the bottom left corner of each panel on the
right column. The discrete nature of the gas stream is due to the
(arbitrary) pixelation of the simulation volume, and the consequent
discreteness of the spatial and sky coordinates.
The total gas column density at the four first epochs (i.e. be-
fore and after each of the two disc transits) is displayed in Fig. 6.
It is estimated as follows. The simulation data is projected onto the
plane of the sky, and binned adopting a beam with (rather coarse)
angular resolution16 of 3◦. The column density in each beam point-
ing is then calculated by integrating the column density of indi-
vidual volume elements (or voxels) along the line of sight. It is
worth noting that the result is not dramatically changed if we ad-
opt a different (e.g. finer) angular resolution. The gas tracer at each
beam pointing is taken to be the median of the overlapping voxels.
This naturally leads to a sightly smaller gas mass,17 as some beam
pointings will drop below the adopted threshold of 2.
All previous results collectively suggest the following picture
15 Above our adopted detection limit; see Sec. 3.2.1.
16 This value roughly corresponds to the angular size of a cell of size 500
kpc / 512 (the resolution we adopt to map the AMR output onto a regular
Cartesian grid for the analysis) at an average distance of 20 kpc.
17 Compare for instance mass fractions of gas indicated in the top right
corner of each panel in Fig. 6 and the corresponding panel in Fig. 5.
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Figure 5. Stellar (left) and gas (centre) components of Sgr in physical space on an edge-on view of the Galaxy. Each pair of rows from the top correspond
to snapshots just before and after a disc transit. The last row corresponds to the present epoch. Contours indicate the total gas column density in the range
1021−1022 cm−2. The Galactic gas disc can be seen as a thick horizontal slab. The panels on the right show the location of Sgr’s stellar core, its associated tidal
debris and its gas streams on an all-sky Hammer-Aitoff projection in equatorial coordinates. Mind the potential overlap between both components. The thick
solid and dashed curves indicate the locus of the Galactic plane and the full orbit of the stellar core, respectively. The quantity Mgas(τ)/Mgas(τ0) corresponds
to the mass of detectable gas relative to the total initial gas mass in Sgr. Time tags indicate the time t since infall (left / centre) or the lookback time (τ; right).
Sgr moves in the direction of decreasing α.
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Figure 6. Total column density of the Sagittarius gas stream just before (left) and after (right) the first (top) and second (bottom) disc transit (i.e. corresponding
to the first four rows of Fig. 5). The percentage on the top right corner of each panel indicates the mass fraction of the detectable gas relative to the initial gas
content of the precursor. Note that the fraction is in each case slightly lower than that given in the corresponding panel of the right column in Fig. 5, as a result
of the binning of the data projected onto observed space (see text for details). Line and symbol meanings as in the right panels of Fig. 5.
about the evolution of Sgr: As it approached the Galaxy, its stel-
lar component remained tightly bound, at first. In contrast, its gas
began to be stripped right away due to ram pressure exerted by the
tenuous corona, creating a distinctive trailing stream. After the first
transit at the outskirts of the Galactic disc some 2.5 Gyr ago, Sgr’s
body was stretched along its orbit due to tidal forces, and it lost
roughly half of its gas content. Then the gas stream extended over
several tens of degrees on the sky, nearly perpendicular to Sgr’s
orbit at that point. As the dwarf approached the disc for a second
time, falling deeper into the potential of the Galaxy, more stars got
tidally stripped, creating two elongated streams, one trailing and
another leading the system. Similarly, a more pronounced trailing
stream of gas formed. The second disc transit removed nearly all of
its gas (Fig. 4), leaving behind a compact stellar core followed by a
dense gaseous stream (Fig. 6). The core orbited once more around
the Galaxy, being further disrupted by the strong tidal interaction,
and its associated gas slowly disappearing from view. Today, the
core is on its way to colliding anew with the Galactic disc, and will
perhaps be fully destroyed after the event.
Between the second disc transit and the present epoch (i.e.
between the snapshots shown in the fourth and the last rows of
Fig. 5), corresponding to roughly the last Gyr of Sgr’s orbit about
the Galaxy, the stripped gas experienced a dramatic evolution.
Figs. 7 - 10 display its all-sky distribution at a series of selected
epochs within this time frame, with additional information about
two direct observables: the total gas column density (Fig. 7), and
the line of sight velocity (Fig. 8); and two quantities that in prin-
ciple can be inferred from observation: the temperature (Fig. 9),
and the distance (Fig. 10) of the gas. All of the latter quantities
correspond to density-weighted averages of the voxels overlapping
along the line of sight. For clarity, its associated stellar component
has been omitted in these panels. Also, here we have decreased the
gas tracer threshold value from 2 to 1 since at this point the value
of the tracer of most of the gas has dropped below 2 as a result of
gas mixing.
Take for instance the gas that detached from Sgr (located at
α ≈ 0 − 16h, δ < −30 ◦ and D & 50 kpc at τ ≈ 1.2 Gyr) and was
left behind after the last transit. Being diffuse (Ntot < 1019 cm−2),
it was subject to strong heating due to mixing with the coronal gas,
its temperature rising well above 105 K, and disappeared quickly,
in a matter of ∼ 200 Myr.
The gas stream, still attached to the main body of the dwarf,
eventually disappeared as well, but more slowly. Being denser,
some of the gas overcame the strong heating via radiative cool-
ing, and thus remained warm and denser for a longer time. As it
kept falling towards the Galactic plane, some 400 Myr ago, the
Sagittarius gas stream finally detached from its stellar core, and
gradually settled onto the Galactic disc, with a small fraction likely
dissolving into the Galactic corona. Here, the gas disappears from
view because it falls below the detection limit in terms of a gas
tracer threshold as it mixes with the gas in the disc. A more detailed
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Figure 7. The Sagittarius gas stream during the last billion years of the dwarf’s evolution. The detectability of gas in this case is defined by a threshold value
of 1 (rather than 2) on the gas tracer. The stellar component has been omitted here for clarity; only the orbit and the instantaneous position of the stellar core
are indicated (dashed curve, filled black circle). Sgr moves in the direction of decreasing α. Note that the snapshots are not equally spaced in time. Clearly, the
stripped gas does not follow Sgr’s orbit. After it detaches from the dwarf’s main body, the gas slowly settles onto the Galactic plane (thick solid curve), and
disappears from view over a time scale of about 0.5 Gyr as it mixes with the gas in the disc (and its gas tracer value consequently drops below 1). See also
Sec. A, and Figs. 8 - 10.
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Figure 8. Line of sight velocity of the Sagittarius gas stream (measured in the LSR) during the last billion years of the dwarf’s evolution. Most of the gas has
negative velocities in this projection. See also Figs. 7,9, and 10.
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discussion of the accretion process onto the Galaxy is deferred to
the Appendix A.
From our vantage point, most of the gas would have appeared
in the form of gigantic, high-velocity gas complexes with negative
velocities in the range ∼ −50 to -300 km s−1, at distances on the
order of 20 - 40 kpc, and up to ∼ 50 kpc while still attached to
the stellar core. However, our model suggests that this gas has long
settled onto the Galactic disc. In other words, we find that virtu-
ally no gas associated with Sgr survived in the Galactic halo to the
present.
4 CONCLUDING REMARKS
We now discuss briefly some of our results and their consequences
within a broader context.
Did gas from Sgr trigger star formation in the Galaxy? De-
terminations of the star formation history (SFH) of the Galactic
disc indicate clear episodes of enhanced star formation at roughly
0 − 1 Gyr and 2 − 5 Gyr ago (Rocha-Pinto et al. 2000). This is
consistent with the reconstruction the SFH of the stars in the Solar
neighbourhood, indicating that the Galaxy was forming stars more
actively in the past, with a significant increase around 3 Gyr ago
(Cignoni et al. 2006) These authors attribute the origin of the last
episode to the likely interaction with a satellite system. According
to our model, the first pericentric passages of Sgr (at d ≈ 20 kpc)
took place between 2.5−3 ago (left panel of Fig. 1), consistent with
the time of the last epoch of enhanced SF in the Galaxy. However,
we speculate that this SF episode would not result from elevated
gas accretion but rather from the gravitational disturbance inflic-
ted on the Galactic gas disc (e.g. Pettitt et al. 2017). We stress that
Sgr is a more powerful trigger than the either of the Magellanic
Clouds. The strong influence of Sgr on the Galaxy, in particular on
its disc, was first recognised by Jiang & Binney (2000), and was
demonstrated with the help of N-body simulations by Purcell et al.
(2011). We see this effect in our model in the form of a slight warp
of the Galactic gas disc (see central panel in the last row of Fig. 5).
Whether the accretion of the gas stripped away from Sgr contrib-
uted to the star formation episodes is unclear at this point. Still,
we can estimate its contribution to the gas budget of the Galaxy.
In our model, on the order of 108 M are removed from Sgr after
each disc transit, and the gas settles on a time scale of a few 108
yr. This implies an accretion rate of ∼ 1 M yr −1 , comparable to
the present-day star formation rate of the Galaxy (e.g. Robitaille &
Whitney 2010).
Did the interaction with the Galaxy induce star forming epis-
odes in Sgr? It is believed that pericentric passages are associated
with bursts of star formation (e.g. Mayer et al. 2001). Siegel et al.
(2007) identify at least two distinct stellar populations in Sgr, with
ages ∼ 2.3 Gyr and ∼ 0.1−0.8. In our model, Sgr experiences peri-
centric passages at ∼ 2.8 Gyr and ∼ 1.3 Gyr, which would be con-
sistent with delayed star formation episodes at the epochs determ-
ined from observations. Moreover, pericentric passages are closely
related to disc transits that, as our results show, remove a significant
fraction of the gas within a dwarf system. Thus, our model suggests
that the last pericentric passage of Sgr about the Galaxy triggered
the last burst of star formation within the dwarf prior to its disc
crossing, just before the dwarf was fully stripped of its remaining
gas.
Was the Sgr precursor a disc galaxy? Łokas et al. (2010) spec-
ulate that the observed geometric and kinematic structure of Sgr’s
stellar remnant cannot be recovered unless the precursor had a disc.
But is has been argued that a residual kinematic signature should be
observable in Sgr stellar remnant if it had been a disc galaxy (Peñar-
rubia et al. 2010), which does not appear to be the case (Peñarrubia
et al. 2011). Our results show that Sgr’s present-day morphology
can be recovered from a gas-bearing, spheroidal progenitor. But we
cannot make any statement about its kinematics. Yet, we argue that
Sgr need not have had a significant disc component prior to infall,
and could even have been a gas-rich dwarf spheroidal, which have
been observed (Blitz & Robishaw 2000).
Is the gas stripped away from Sgr currently observable as
high- or intermediate-velocity gas? Under the assumption that stel-
lar feedback within the dwarf does not play in important role in
removing gas, we argued that the mass of the stripped gas around
the Galaxy as given by our model may be regarded as an upper limit
at any given time. And even more so since we ignore the onset of
starburst- or nuclear-driven winds within the Galaxy which impact
negatively the lifetime of gas clouds (e.g. Cooper et al. 2009). In
other words, our model favours the survivability within the Galactic
halo of the gas stripped away from Sgr. Given the resulting lack of
gas associated to Sgr in the halo in our model, we conclude that
is its unlikely that any of the gas stripped away from Sgr survived
to be observable as HVCs or IVCs, as been claimed in the past
(Bland-Hawthorn et al. 1998; Putman et al. 2004).
In this respect, it is worth emphasising our finding that the
Sagittarius gas stream is never quite aligned with its associated stel-
lar streams, or with the orbital plane of Sgr for that matter. Signi-
ficant offsets between gas and stars along the extended tidal fea-
tures of interacting systems are not at all uncommon (e.g. Smith
et al. 1997; Hibbard & Yun 1999; Hibbard et al. 2000), and have
been explained for the most extreme cases as the consequence of
the differing radial distribution between gas and stars in the galaxy
discs coupled to the dissipative nature of gas (Mihos 2001). In our
Sgr model, the misalignment is primarily a direct consequence of
the transverse drag exerted by the spinning Galactic corona upon
the stripped gas as Sgr moves along its polar orbit. But it is also
partly due to the instantaneous torque the gas experiences when
transiting the Galactic gas disc. We speculate that a faster spinning
corona, as observed (Hodges-Kluck et al. 2016), would lead to an
even stronger misalignment. We shall explore this in more detail in
future work.
We thus reason that, regardless of whether the gas stripped
from Sgr is not longer present around the Galaxy – as our model
suggests–, the generic spatial offset between gas and stars casts
doubt upon a putative association of the Smith Cloud (Smith 1963)
with Sgr (Bland-Hawthorn et al. 1998), and upon the interpretation
of Putman et al. (2004) about the nature of the HVC anti-centre
complexes ACHV and ACVHV (Wakker & van Woerden 1991).
In particular, Putman et al.’s interpretation relies on the observed
alignment (in projection) of these HVCs with of Sgr’s orbit. As
mentioned above, however, an alignment between the stripped stars
and gas is not expected, at least not at considerable angular separ-
ations from the stellar remnant. Therefore, if the gas stripped from
Sgr has survived to date in the form of HVCs, these have yet to be
identified in existing catalogues (e.g. Wakker & van Woerden 1991;
Moss et al. 2013).
We would like to remind our reader that our conclusions are
based on a model partly constrained by assuming a lack of total gas
within Sgr’s stellar remnant. However, observations so far constrain
only the neutral (H i) gas content of Sgr. It is unknown whether any
amount of ionised gas is associated to the remnant. Conversely, as it
stands, our model cannot say anything about the specific H i content
of Sgr or its associated gas stream, as calculating the ionisation state
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Figure 9. Temperature of the Sagittarius stream gas during the last billion years of the dwarf’s evolution. The percentage given in the top right corner of each
panel indicates the mass fraction of gas with T < 105 K. Clearly, it decreases systematically with time, indicating that the stripped gas beyond the Galactic
disc that is detectable mixes and heats up as a result of the interaction with the Galactic corona. See also Figs. 7,8, and 10.
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Figure 10. Heliocentric distance of the Sagittarius gas stream during the last billion years of the dwarf’s evolution. See also Figs. 7 - 9.
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of the gas requires a careful account of its chemical composition,
of the UV radiation both within the dwarf and from the Galaxy,
and their evolution with time, ideally using radiative transfer and
non-equilibrium calculations, all of which is beyond the scope of
this paper. Also, as we show in our related magneto-hydrodynamic
study (Grønnow et al. 2017, see also Konz et al. 2002), magnetic
fields can increase the destruction timescales of HVCs, or affect the
overall accretion rate of gas onto the disc (Birnboim 2009), and is
worth considering in future simulations.
An implication of our study independent of the above con-
siderations and relevant to earlier and future models of Sgr is the
following. We showed that there is a significant difference in the
orbital history resulting from pure N-body models and our model
which incorporates gas components and its associated drag, even
though both start from virtually identical initial conditions. This
clearly demonstrates that a full treatment of all relevant compon-
ents, both in the Galaxy and the precursor, is required if we are
to arrive at a consistent dynamical model of the disruption of Sgr,
and of other comparable dynamical systems. In addition, in future
models it may be appropriate to take into account processes that
we have neglected here such as star formation and its associates
feedback, both within the dwarf and the Galaxy.
We close by linking this work to our recent study on the Smith
Cloud (Tepper-García & Bland-Hawthorn 2018). First, this new
work confirms the short timescale (of order a few 100 Myr) for
the Smith Cloud gas in the earlier work. But also importantly, these
studies together are suggestive of a slowly emerging, unifying pic-
ture of gas accretion at Galactic scales. On the one hand, we have
a massive H i gas structure on the brink of being accreted by the
Galaxy, with no clear stellar (or DM) counterpart. On the other
hand, we have Sgr, a stellar system with no associated gas com-
ponent just about to collide anew with the Galaxy. Yet, this and
our previous study demonstrate that these apparently very dispar-
ate systems – at least in terms of their basic dynamic, kinematic,
and structural properties – can be accommodated within a com-
mon framework: DM-assisted gas accretion within a realistic multi-
phase model of the Galaxy. In future papers, we extend this to all
Galactic dwarfs and look at the totality of gas accretion via satel-
lites over cosmic time.
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APPENDIX A: A DETAILED VIEW ON GAS ACCRETION
ONTO THE GALACTIC PLANE
In order to track in detail the location of the gas stripped away from
Sgr, we repeat the exercise discussed in Sec. 3.2.2, with the fol-
lowing change: We set the gas tracer threshold to nearly zero. In
principle, since initially only the gas associated to Sgr gas a non-
vanishing tracer value, following this practice we should be able
to trace nearly all of its gas, regardless of its location. The result
is shown in Fig. A1. There, we show the total gas column density
(left column), the line-of-sight velocity (central column), and the
heliocentric distance (right column) of the gas with a tracer value
above the threshold. Each row corresponds to a snapshot in de-
creasing order of lookback time (indicated in the top-left column
of each panel), roughly spanning the last Gyr of Sgr’s evolution.
Note that the selected snapshots are slightly different from those
shown in Figs. 7 - 9. The percentage indicated in on the top-right
corner of each of the panels in the left column indicates the total gas
mass traced relative to the initial gas mass of the precursor. Clearly,
virtually all the gas initially bound to Sgr is being accounted for.
Naturally, more gas appears here than in the previous figures, cov-
ering a large fraction of the sky. In the previous sections we chose
a threshold value for the gas tracer significantly higher than zero to
avoid too cluttered images. Here we sacrifice somewhat graphical
clarity in favour of a deeper insight into the fate of the gas.
The important result revealed here is that, apparently, the
stripped gas slowly settles onto the disc, as can be judged by
comparing the distribution of gas blobs relative to the locus of
the Galactic plane (thick solid line). The process takes place over
roughly the last Gyr. But the gas appears fairly settled, i.e. distrib-
uted evenly along the Galactic plane and at low latitude since, at
least, ∼ 300 Myr ago. Note that the increased column density of
the gas initially associated to Sgr which appears now close to the
Galactic plane is due to the fact that the it has effectively mixed
with (and is part of) the dense Galactic gas disc.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Figure A1. Left, centre and right columns are similar to Figs. 7, 8 and 10, respectively, but at slightly different epochs within the last Gyr of evolution of Sgr.
The most relevant difference is that here we have adopted a gas tracer threshold of nearly 0 (rather than 1). Apparently, the gas stripped from Sgr settles onto
the Galactic plane on a time scale of a few 100 Myr, and is found roughly evenly distributed at low latitude since & 300 Myr ago. See text for further details.
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